Available online at www.sciencedirect.com

S(HENCE@DIRECT' Repl'()ductive
Toxicology

EN il oy B m~
ELSEVIER Reproductive Toxicology 19 (2005) 395-409

www.elsevier.com/locate/reprotox

Modeling vitellogenesis in female fish exposed to environmental
stressors: predicting the effects of endocrine disturbance
due to exposure to a PCB mixture and cadmium

Cheryl A. Murphy**, Kenneth A. Ros&?, Peter Thomds

a Department of Oceanography and Coastal Sciences, Energy, Coast and Environment Building,
Louisiana State University, Baton Rouge, LA 70803, USA
b Coastal Fisheries Institute, Louisiana State University, Baton Rouge, LA 70803, USA
¢ Marine Science Institute, University of Texas at Austin, Port Aransas, TX 78373, USA

Received 8 April 2004; received in revised form 20 September 2004; accepted 24 September 2004
Available online 14 November 2004

Abstract

A wide variety of chemical and physical environmental stressors have been shown to alter the reproductive processes in fish by interfering
with endocrine function. Most endocrine indicators or biomarkers are static measures from dynamic hormonally-mediated processes, and often
do not directly relate to reproductive endpoints of ecological significance. Adequate production of the yolk precursor protein, vitellogenin,
is critical for the survival and normal development of the sensitive egg and yolk-sac larval fish life stages. We developed a model that
simulates vitellogenesis in a mature female sciaenid fish. The model simulates the major biochemical reactions over a 6-month period
from the secretion of gonadotropin (GtH) into the blood to the production of vitellogenin. We simulated the effects of two endocrine
disrupting chemicals (EDCs) that have different actions on vitellogenin production: a PCB mixture and cadmium. Predicted changes in steroid
concentrations and cumulative vitellogenin production compared favorably with changes reported in laboratory experiments. Simulations
illustrate the potential utility of our model for interpreting reproductive endocrine biomarkers measured in fish collected from degraded
environments.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction through their gills and scales. Among the many examples of
endocrine disruptors that affect fish are man-made chemicals
There is now extensive evidence of reproductive and de- such as PCBs that affect the neuroendocrine sygtgrand
velopmental abnormalities in fish and wildlife populations excessive concentrations of trace elements such as cadmium
exposed to a wide variety of chemicals in the environ- that can interfere with gonadotropin (GtH) regulation and
ment[1-3]. The aquatic environment is a sink for endocrine steroidogenesifb].
disrupting chemicals (EDCs) and other organic chemicals; Fish play an integral role in the aquatic ecosystem food
therefore it is not surprising that there exist many exam- web, and any effects that change the population structure
ples of endocrine disruption in figB]. Fish immersed inthe  of fish may also alter community and food web dynamics.
aguatic environment bioaccumulate lipophilic chemicals via Because fish can biomagnify contaminants, fish are poten-
ingestion from food items and via absorption of contaminants tially useful sentinels of aquatic environmental degradation
[6]. Fish carrying high loads of EDCs in their body tissue
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species and humans). However, in many situations, the overall2. Model description and simulations
reproductive significance of the observed endocrine changes

after exposure to EDCs remains unclear, and the potential2.1. Model overview

ecological relevance is unknown.

Disturbances of reproductive function in field-caught fe- The model is a system of eight ordinary differential equa-
male fish have been inferred from changes in endocrinetions that simulate vitellogenesis in an individual mature fe-
and reproductive function biomarkers, such as altered sexmale fish (Table 1Fig. 1). The model is driven by the hourly
steroid hormone, atypical gonadotropin and vitellogenin con- introduction of gonadotropin and the resultant biochemical
centrations in circulation, and abnormal gonadal and oocyte reactions are simulated for 6 months, resulting in a predic-
growth. For example, fish exposed to bleached kraft pulp tion of the cumulative production of vitellogenin. There is an
mill effluent showed changes in the induction of the hep- equation for the rate of change of each of the eight state vari-
atic mixed function oxygenase (MFO) enzyme system, re- ables: free testosterone (T), unbound or free steroid binding
duced circulating levels of reproductive steroid hormones, protein (SBP), steroid binding protein bound to testosterone
reduced gonad growth, younger age to sexual maturation,(SBP-T), steroid binding protein bound to estradiol (SBP-
and slower development of secondary sex characteristics.E2), free estradiol (E2), unbound or free estrogen receptor
Examination of multiple biomarkers provides information (ER), estrogen receptor bound to E2 or activated ER (ER-
on the exposure and reproductive health of the exposed fishE2), and vitellogenin (Vtg).

[7,8]. There are also three additional differential equations that

Plasma concentrations of hormones taken at specifiedkeep track of the output variables of total testosterone (free
stages during the reproductive cycle can be a good indi- testosterone plus testosterone bound to steroid binding pro-
cation of disruption of the reproductive procd8s How- teins), total estradiol (free estradiol plus estradiol bound to
ever, such biomarkers can be confounded by naturally oc- steroid binding proteins) and total estrogen receptor (free es-
curring fluctuations in the reproductive cycle, and care must trogen receptor plus estrogen receptor bound to estradiol).
be taken when considering the timing of biomarker mea- These output differential equations use the same processes
surements[10]. Biomarkers are snapshots in time from as the state variables, but enable bookkeeping of the portion
a dynamic system. There is a need for models that canof the bound complexes that are the state variable of interest
relate biomarker measurements to the entire reproduc-(e.g. how much testosterone is in the testosterone bound with
tive cycle, and that can extrapolate biomarkers to eco- the steroid binding protein state variable). Laboratory and
logically relevant endpoints such as the production of field measurements are frequently reported as total concen-
eggs. trations, rather than the concentrations of the free and bound

In this paper, we use a physiological model to simulate forms.
how two nonestrogenic EDCs that act via different mecha-  All of the state variable differential equations follow
nisms could affect vitellogenesis in fish. Vitellogenesis re- a standard format of expressing the rate of change of a
sults in the production of the yolk precursor protein vitel-

logenin. Vitellogenesis is sensitive to disruption by EDCs SBP-T SBP-E2

and of ecological relevance because vitellogenin production Ry %

is directly related to the reproductive output (fecundity and +SBF;

egg qu_allty) of |nd|V|duaI_f|sﬂj11]. Qur goal was t(_) develop a GH —T—E2 + ER % ER-E2 —%.115ER oVt
modeling tool that quantitatively links relevant biomarkers of 7o AN 7

endocrine disruption in adult female fish to cumulative vitel- kdegi k"egi \’:deg_ k""‘"‘a_

logenin production over the reproductive season. We then '~ -~ % 1% =

used the model to simulate the effects of vitellogenin pro- M el

duction of exposure to a PCB mixture and to cadmium. We pEYL e

base our computer model on two fish species from the family _. _ _ N . .
Fig. 1. Schematic representation of the major biochemical reactions rep-

Sciaenidae: spotted seatrout (Cynoscion nebulosus) and At'resented in the model of vitellogenesis in an individual female fish. Go-

lantic croaker (Micropogonias undulatus). Spotted seatrout nadotropin (GtH) stimulates the production of testosterone (T), which pro-
and Atlantic croaker are well-established estuarine teleostvides a substrate for the production of estradiol (E2). T and E2 bind and
model Organisms used to Study reproductive endocrino|ogy unbind to steroid binding proteins (SBP) at rates of associatign kkg)

and endocrine toxicity. Simulations illustrate how the model and rates of dissociationdk kge). Unbound steroids (free) are susceptible

. . . L to degradation at specified rategdd, kiege). Free E2 binds to the estrogen
can be used to estimate the reproductive significance of €N eceptor (ER) at arate &f, forming an activated ER complex (E2-ER) and

docrine biomarker measurements in field-caught fish. We aregisassociates at ratelof;. High levels of E2 inhibit the production of GtH.
early in the process of model development, and our model The activated ER initiates a cascade of reactions that results in the production
should be considered as preliminary. Continued corrobo- of more ER and (k, times) vitellogenin (Vtg) at a rate ¢6. Un-activated
ration and testing, and targeted Iaboratory and field mea- ER is susceptible to degradation at a ratekg,, whereas activated ER

(E2-ER) degrades at a much faster raigd%. A double arrow refers to a

surements, are planned to refine and Improve the realism Ofreversible reaction, a single arrow refers to an irreversible reaction, and the

the model. dotted line refers to inhibition.
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state variable as equal to its synthesis rate minus degra-units. However, field measurements are reported in pico
dation rate plus inactivation rate minus activation rate. All moles per gram of liver (pmol/g liveffLl2]. We report the
state variables and output variables are expressed as madstal estrogen receptor concentration output variable (Eq.
(pg or mg) per milliliter of blood (plasma), except for (14)) in pico moles per gram of liver (pmol/g liver) to
variables involving the estrogen receptor. The free estro- allow comparison to field measurements. Based on lab-
gen receptor state variable (E¢{)) is reported in nM oratory experiment protocol and dilutions, we multiplied

Table 1
System of ordinary differential equations that define the model of vitellogenesis in an individual mature female fish

Driving variable

05 (1 ~10 Coszn(%oe.o))
GtH = 2] - 1)
1.0+ —
0+ 5
State variables
dT
i SynT(GtH)— kgegT[T] + ka1[SBP — T] — SynE2(T)— ka1[T][SBP] )
dSBP
—g = kat[SBP—T] + kae[SBP— E2] - k1[TI[SPB] — kee[E2][SPB] 3)
BP—T
BT _ L [TIISBP) — karlsBP - T) @
dSBP— E2
g = kelE2][SBP] — kee[SBP - E2] (5)
dE2
g = SYNE2(T)~ kiege[E2] + k-1[ER — E2] + kqe[SBP— E2] — ka[E2)[ER] — kaelE2][SBP] (6)
dER
=5 = L15RIER — E2] - kueqlER] + k1[ER — E2] — k1 [E2J[ER] @
ER— E2
dT = k1[E2][ER] — kyegal ER — E2] — k_1[ER — E2] — kp[ER — E2] 8
VY _ o kolER — E2] ©)
dr
where
Vi (GtHT
synT(GtH)= # (20)
Ky + GtH'T
hg
SYnE2(T)= % (11)
Kz + The
Output variables
Total T
d ‘;tf‘ — SYNT(GH)— kyeer[T] — SYNE2(T) (12)
‘ﬂ%‘?'Ez = SYNE2(T)— kyeee[E2] + k_1[ER — E2] — k1[E2][ER] (13)
dTotal ER
% = (0.15k[ER — E2] — kyegu [ER] — kaega[ER — E2])4.0 Lig (14)

Eq. (1) is the equation for the single driving variable of gondadotropin concentration in the blood2E€9) correspond to each of the eight state variables
in the model. Eqg(10) and (11)re the Hill functions that appear in E¢8) and (6), respectively. EqEl2)—(14)correspond to three output variables that use
the same reactions as the state variables but allow for the reporting of total concentrations of testosterone, estradiol, and estrogen receptor.
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nM units by 4.0L/g to obtain the units of pmol/g liver function in vertebrates, including oocyte and ovarian growth,
[13]. is primarily regulated by gonadotropins secreted by the pi-
The vitellogenic processes represented in the model aretuitary gland in response to neuroendocrine signals from the
based on a very simplified view of the many biochemical re- brain. Asin mosttetrapod vertebrates, the pituitary in teleosts
actions involved (Fig. 1). The model simulates the major re- produces two gonadotropins: follicle stimulating hormone
actions from the introduction of gonadotropin into the blood (FSH) and LH[22]. Growth of the oocyte and ovarian folli-
through the production of vitellogenin. Gonadotropin, which cle in tetrapods is primarily regulated by an increase in FSH
is produced in the pituitary, is released into the bloodstream secretion, whereas the physiological role of FSH (formerly
where GtH travels to the ovary and stimulates thecal cells GTH 1) in regulating oocyte and ovarian follicle growth re-
to produce testosterone. Free or unbound testosterone (T)nains to be demonstrated in most teleost species. Salmonids
is then converted to free estradiol (E2) in the neighboring are the only group of fishes for which a sensitive FSH radioim-
ovarian granulosa cel[¢4]. Free testosterone and free estra- munoassay has been developed. In salmonids, the secretion
diol rapidly associate with steroid binding proteins located of FSH coincides with the period of gonadal growth, whereas
in the plasma and form the SBP-T and SBP-E2 complexes.LH secretionincreases towards the end of the reproductive cy-
Once bound, testosterone and estradiol are protected frontle roughly coinciding with oocyte maturation and spawning
metabolic degradation; steroids in the free form (T and E2) [23]. However, LH secretion in Atlantic croaker and several
are subjected to degradation. Free estradiol diffuses throughother teleosts shows diurnal changes and is under precise neu-
tissues and acts at the pituitary and liver. In the pituitary, high roendocrine control by transmitters, peptides, and steroids
levels of free estradiol inhibit the release of gonadotropin during ovarian growtH24,25]. Moreover, stressor-induced
(dotted line inFig. 1). In the liver, free estradiol associates alterations in gonadal growth in Atlantic croaker have been
with the estrogen receptor (ER) to form the estradiol-estrogen associated with changes in LH secretjér26]. LH has simi-
receptor complex (ER-E2). Small amounts of estradiol dis- lar steroidogenic potency to that of FSH at the gonadal growth
associate from the estrogen receptor and are re-introducedtage of the reproductive cyd27]. Although FSH has been
into the bloodstream. Activated estrogen receptor (ER-E2) identified in Atlantic croaker, no quantitative information is
is degraded. Activation of the estrogen receptor causes al-currently available on FSH secreti¢®8]. Taken together,
terations in the rates of transcription of estrogen responsivethese findings suggest a potential role for LH during ovarian
genes leading to the synthesis of more estrogen receptor anénd oocyte growth in Atlantic croaker. Therefore, data on LH
vitellogenin (ER andomV1tg). secretion was used as representative of gonadotropin secre-
We wanted a model prediction that could be interpreted as tion, with the realization that we may need to revisit this issue
related to the total fecundity of an individual fish. Therefore, as more data become available.
the model accumulates vitellogenin production over the sim-  We represented LH concentrations in the plasma with
ulation. In reality, vitellogenin concentration in the plasma a diurnal cycle based on observations on Atlantic croaker.
varies over time, depending on both its production and its During the period of gonadal recrudescence (which lasts
loss due to being taken up in rapidly growing oocytes. Vitel- about 8 weeks), LH plasma levels in croaker exhibit a di-
logenin is a yolk-precursor protein, and is an essential build- urnal pattern gradually reaching maximum values of about
ing block for oocytes and critical to the production of healthy 1.0 ng/mL at dusk, and minimum values below detection by

eggs[15]. dawn (Thomas, unpublished data). We created a sinusoidal
function to mimic the diurnal pattern of plasma gonadotropin
2.2. Model processes and parameter estimation concentration (numerator of E€L); Fig. 2). The amount of

Below, we describe each of the major processes repre-
sented in the model, including the rationale for their formu- 1.00 1

lations and the sources used to estimate model parameters. As =
much as possible, we use information from spotted seatrout s p—
and Atlantic croaker. Seatrout and croaker are both sciaenids, =
and have been well studied in a series of laboratory and field &
experiment§4,5,12,13,16-19]. Seatrout and croakerareboth 3 0.50
important estuarine species and croaker is widely distributed g

A&

along most of the Atlantic coast extending up to Cape Cod 0.25 1
[20,21]. In some instances, we used information from other
species of fish. All equation numbers in the text refer to the
equations listed iable 1.

o 3 6 9 12 15 18 21 24
. hour of the da
2.2.1. Gonadotropin Y

We used data on luteinizing hormone (LH) secretion as Fig. 2. Hourly concentrations of the gonadotropin driving variable showing
representative of gonadotropinin model simulations. Ovarian the diurnal cycling assumed for the first 8 weeks of the baseline simulation.
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gonadotropin produced by the sinusoidal function reflects within the first month of the baseline simulation. Smith and
the net plasma concentration of gonadotropin, and therebyThomas[12] reported a maximum total testosterone con-
accounts for degradation and removal. Gonadotropin was in-centration of 1200 pg/mL in April in field-caught spotted
troduced for the first 8 weeks of the simulation, corresponding seatrout. We tried a variety of values @f, K, and h; in
to the period of gonadal recrudescence, and then set to zerdeq. (10) until we obtained set of values (Table 2) that pro-
for the remainder of the simulation. duced a similarly shaped relationship between gonadotropin
We also include a negative feedback by which steroids concentration and testosterone production rate as observed in
inhibit the introduction of the gonadotropin driving variable the goldfish experiment but with concentrations pertinent to
(denominator of Eq(1)). Steroids such as testosterone and our baseline simulation (Fig. 3a).
estradiol have been shown to have a negative feedback ef- Toestimate the parameters forthe second Hill functionthat
fect on FSH production in salmonid29-31]. In Atlantic related estradiol production to testosterone concentration, we
croaker, testosterone and estradiol stimulate LH production maintained a sigmoidal shape to the function while constrain-
during early gonadal recrudescence, but inhibit the produc- ing the function to occur within our simulated ranges of free
tion of LH after gonad maturatiof82]. Quantitative infor- testosterone concentration and free estradiol production. We
mation is not available on the details of these positive and used the range of free testosterone concentrations that oc-
negative feedbacks. We do not model the estrogen receptorcurred under baseline conditions in our model (0—100 pg/mL)
in the brain, but we incorporated the negative feedback mech-because only 1-10% of the total testosterone is available
anism into our model by reducing the plasma concentration as a ligand; much of testosterone and estradiol are bound
of gonadotropin when free estradiol concentrations got very to steroid binding proteing36]. We assumed that testos-
high. For example, a free estradiol concentration of 25 pg/mL terone is rapidly converted estradiol so that 23% is converted
plugged into the denominator of E(L) would decrease the  within 0.01 h; this assumption was based on a study by van
plasma gonadotropin concentration by 0.3%, and a higherder Kraak et al[35] that reported estradiol production at
concentration of 1000 pg/mL would decrease the plasma go-high gonadotropin concentrations was approximately 23%

nadotropin concentration by 9%. of what would be the expected testosterone production from
the same gonadotropin concentration. The value we assigned
2.2.2. Steroidogenesis to Vig (Table 2) was based on the assumption that at max-

We opted for an aggregate approach to represent the manymum concentrations of free testosterone (e.g. 100 pg/mL)
reactions involved in the stimulation of testosterone produc- estradiol production in one timestep of the model (0.0001 h)
tion by gonadotropin, and the subsequent use of testosteronevould be 0.23% of the maximum free testosterone concen-
for the production of estradiol. Many of the reactions in- tration (i.e. 0.23 pg/mL/0.0001 h). We arbitrarily determined
volved have not been clearly defined. We therefore adoptedparameter values gandhg, Table 2) to maintain a sigmoid
the approach used by Schlosser and Selgfa8 who ag- relationship between testosterone concentration and estradiol
gregated many biochemical reactions into a few processesproduction (Fig. 3b).
to model the synthesis of LH in humans and then used the
model to predict the effects of EDCs on the human menstrual 2.2.3. Steroid binding proteins
cycle. In our model, we lumped all of the reactions occurring  Although steroid binding proteins have multiple functions,
between the release of gonadotropin and the production ofwe only simulated their binding with free testosterone and
testosterone into a general synthesis function (E@)), and free estradiol that resulted in steroids being protected from
we also grouped all of the reactions occurring between the degradation. The main functions of steroid binding proteins
release of testosterone and the production of estradiol into aappear to be to protect bound steroids from degradation, to
second synthesis function (Ed.1)). The basic form of both  regulate steroid uptake into the target tissue, and to participate
of these synthesis functions was a Hill equation, which ex- directly in signal transductiof86—38]. However, because of
hibits a sigmoid relationship between substrate and productlimited information on the regulation and signal transduc-
[34]. tion functions, we only focused on the protection function of

We estimated the parameter values of the Hill function steroid binding proteins.
that related gonadotropin concentration to testosterone pro- The kinetics of binding of estradiol and testosterone to
duction (Eq(10)) from a study of steroidogenesis in goldfish the steroid binding proteins were represented with first order
[35]. In this study, the rate of testosterone production was ob- dissociation reactions and second order association reactions
tained from pre-ovulatory follicles of goldfish incubated in  (Egs.(3), (4) and (5)). We used equilibrium dissociation con-
increasing concentrations of carp gonadotropin. We derived stants (k) reported by Laidley and Thom§E3] to estimate
the parameter values of the Hill function for the conversion the model rate constants for the association and dissociation
of gonadotropin to testosterone by maintaining the shape ofbetween testosterone and steroid binding proteigs gdkd
the relationship observed in the experiment with goldfish. kqt; Table 3), and between estradiol and steroid binding pro-
The maximum testosterone production rate was chosen saeins (g, andkyg; Table 3) Ky is the ratio of the dissociation
that the assumed gonadotropin driving variable stimulated arate to the association ratky = KgissociatiofKassociation The
maximum concentration of testosterone of about 1200 pg/mL reportedKy of free testosterone with steroid binding pro-
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Table 2
Definitions, relevant equation numbers, units, and baseline values of the parameters of the model of vitellogenesis in an individual female fish
Name Definition Equation Units Value
Vit Maximum rate of free testosterone production 10 pg/mL/h 80.0
Vig Maximum rate of free estradiol production 11 pg/mL/h 2300.0
KmT Half-saturation of free testosterone production 10 ng/mL 0.3
Kme Half-saturation of free estradiol production 11 pg/mL 52.0
hr Hill coefficient for free testosterone 10 1.8
he Hill coefficient for free estradiol 11 35
kom Multiplier for rate constant k 9 10.0
ka Assaociation rate of free estradiol with estrogen receptor 6-8, 13 1/1FM/h 7.43
ko1 Dissociation rate of free estradiol with estrogen receptor 6-8, 13 1/h 0.81
ko Rate of production of vitellogenin and estrogen receptor 7-9, 14 1/h 0.3465
KaT Association rate of free testosterone with steroid binding protein 2-4 1/1° M/h 5.6687
kyqt Dissociation rate of free testosterone with steroid binding protein 2-4 1/h 27.72
Kag Association rate of free estradiol with steroid binding protein 4-6 1/1P M/h 5.6687
kde Dissociation rate of free estradiol with steroid binding protein 4-6 1/h 17.74
KdegT Degradation rate of free testosterone 2,12 1/h 1.386
KdegE Degradation rate of free estradiol 6,13 1/h 1.386
Kdegu Degradation rate of free estrogen receptor 7,14 1/h 0.00058
Kdega Degradation rate of activated estrogen receptor 8,14 1/h 0.012
Initial conditions for state variables that are different than 0
T Free testosterone 2 pg/mL 10.0
SBP Free steroid binding protein 3 nM 400.0
E2 Free estradiol 6 pg/mL 10.0
ER Free estrogen receptor 7 nM 0.125

teins was 4.89 nM, whereas estradiol had a greater affinity diol with steroid binding proteins was calculated assuming
to steroid binding proteins with a reportég; of 3.13nM the association rate constant was the same as the association
[18]. rate constant estimated for testosterong ) and from

To separate the reportady values for estradiol with  the reportedKy for estradiol binding with steroid binding
steroid binding proteins and for testosterone with steroid proteins reported by Laidley and Thon{as].
binding proteins into constituent association and dissociation ~ We represented the dynamics of steroid binding proteins
rate constants, we first determined their dissociation rates.without synthesis or degradation reactions so that the to-
Laidley and Thomag18] reported that radioactive testos- tal steroid binding protein concentration remained constant
terone had rapid association (half lifetgp <30s) and rapid  throughout the simulation. We fixed the total steroid binding
dissociation ({2 of about 90 s) with steroid binding proteins.  protein concentration because, although the concentration of
We assumedtlyt was a first order rate constant, and then we steroid binding protein increases with ovary maturation, their
solved forkgt using the general relationship between the half- binding affinity to steroids decreases, suggesting a compen-
life (t12) and the first-order rate constant (k) =0.693/k satory effec{19]. The initial concentration of total steroid
[39]. Then, to determine the testosterone association rate conbinding protein was set to 400 nM, which corresponded to
stant with steroid binding proteins{R, we dividedkqt by the mean value reported by Laidley and Thorfied. The
Kg. The association and dissociation rate constants of estrapercent of the total steroid binding protein found in the free

< 80 =
2 8 0.20 1
o 60 - S
g 2 0.15
@ E -
c 40 (=]
g £ 010
@ =]
o =
7 207 B 005+
= k74
0 . ; : ; . % .00 s
(A) 00 02 04 06 08 10 () O 20 40 60 80 100 120

Gonadotropin (ng/mL}) Testosterone (pg/mL)

Fig. 3. Derived Hill functions for the production of free testosterone from gonadotropin and for the production of free estradiol from testosterone. (A) Simu-
lated relationship between testosterone production and gonadotropin concentration; (B) simulated relationship between estradiol production and testosterol
concentration.
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Table 3 in rainbow trout where estrogen receptor mRNA transcrip-
Predicted cumulative vitellogenin production of an individual female fish o units reach 50% of maximum values by R1B]. In order
during 6-month simulations under baseline conditions, and under exposure . .
to PCBs and cadmium fqr the estrogen receptor to produce more of itself, the coeffi-
cient for the estrogen receptor must equal or exceed one. The

Simulation p?g&f:;‘gfn\g}ﬂgge”m Percent of baseline (%) 3 gnitude of the coefficient affects the concentration of total
. estradiol; larger values lead to increased production of estro-
Baseline 161.0 100

PCB 29.1 B gen receptor that, in turn, results in a steeper decline in total
Cadmium 970.2 603 estradiol concentration. We set the coefficient for the estrogen
receptor to 1.15 (Fig. 1) in order to slow the decline in total
estradiol concentration in the baseline simulation. Although
form versus bound to testosterone and to estradiol varied OVelproduction of estrogen receptor proceeds more rapidly than
time in the simulations. vitellogenin production, much more vitellogenin is produced
Free testosterone (E(R)) and free estradiol (E¢6)) are  than estrogen receptft3]; but the exact quantities are un-
affected by synthesis (EqfL0) and (11)), interactions with  known. Therefore, we assigned a value of 10 to the multiplier
steroid binding proteins gk, kyt, kae, kag), and undergo  of vitellogenin (i.e kom = 10) to initially get appropriate pre-
first order degradation kg, kiege). All of the biochemi-  dictions of final cumulative concentrations of vitellogenin.

cal reactions, except degradation, have been described. Werhe value okon, was not adjusted further during calibration.
assumed that the degradation rates for both sterojdgr(k

kdege Table 2) were 1.386/h. This degradation rate was calcu- 2 3. Model simulations
lated based upon the assumption thatwas 30 min, a value

reported for the degradation rate of estradiol in salmonids  Three model simulations were performed that illustrate

[40]. the utility of the model for understanding the effects of en-
docrine disruptors on vitellogenesis in fish. The first simula-
2.2.4. Estrogen receptor and vitellogenin tion was for baseline, or unstressed, conditions. We used the

We represented the binding of free estradiol to the estrogenresults of long-term field measurements to calibrate the model
receptor with first and second order kinetics. Free estradiol (adjusted values o¥1t, kgegu and the coefficient of estro-
associates with the estrogen receptor using a second ordegen production as described below) until model predictions
rate constant (§ and dissociates from the estrogen receptor roughly mimicked the dynamics observedin field-caughtfish.
with a first order rate constant (k) (Egs.(6), (7) and (8)). The two remaining simulations involved simulating the ef-
The rate constants; andk_1 (Table 2) were derived from  fects of PCB mixture (Aroclor 1254) and cadmium. These
values forKy of 1.09 nM andk_4 of 0.0135/min reported for  stressors differ on how they affect vitellogenin production.
estradiol association and dissociation with estrogen receptorFor each of these stressors, we compared predicted dynam-
in spotted seatroyfl3]. We calculated; from the reported ics of selected state and output variables between baseline
values ofk_; andKqy and then multiplied botk_1 andk; by and stressed simulations, and also compared model-predicted
60 to create hourly rates (Table 2). changes in cumulative vitellogenin production to changes in

We calculated different degradation rates for the free and the gonadal somatic index (GSI) measured in laboratory ex-
bound estrogen receptors. In mammals, degradation of freeperiments. GSl is based on percent of gonadal weight divided
estrogen receptor depends on the presence of estradiol. In thby body weight, and is a commonly used measure of repro-
absence of estradiol, degradation rates of estrogen receptoductive functioning in fisj44].
are relatively slow41]. Smith and ThomagL3] reported a All model simulations were for 6 months duration cover-
t1/2 of 45h or a rate of 0.0002/min for spotted seatrout. We ing the period roughly from 1 April through 1 October, which
used the degradation rate constant for the activated estrois the spawning season of spotted seatrout in the northern
gen receptor (ega Table 2) reported by Smith and Thomas Gulf of Mexico [45]. The system of differential equations
[13], and calibrated the free estrogen receptor degradationwas solved using a 4th order Runge—Kutta method with a
rate (kegu Table 2) so that the maximum estrogen receptor numerical time step of 0.0001 h; values of each of the eight
concentration peaked at 5.25 pmol/g lijsee 12] state variables and three output variables were outputted ev-

We assumed that one activated estrogen receptor resulteery hour for the 6 months. A small numerical time step was
in the production of both vitellogenin (Eq9)) and more used because some of the reactions were very rapid.
estrogen receptor (first term of KJ)). We adopted a mod-
eling approach used to model autocatalytic enzymatic reac-2.3.1. Calibration and baseline conditions
tions (e.g. Manjabacas et f2]). In this modeling approach, We calibrated the model for baseline conditions based on
only one rate parameterykis required for the conversion the values of total testosterone, total estradiol, and total estro-
of activated estrogen receptor to vitellogenin and more es-gen receptor measured monthly over 2 years in field-caught
trogen receptor. Although the exact length of time required spotted sea troutl2]. We compared model predictions to
to produce estrogen receptor protein is unknown, we esti- the values measured between April and October because this
matedks based on transcription rates for vitellogenin mMRNA was when total testosterone, total estradiol, and total estrogen
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receptor were near or at their maximum concentrations. Weterone, estradiol and cumulative vitellogenin production to
also show the dynamics of free testosterone and free estrathe roughly 50% reductions in testosterone, estradiol and GSI
diol to illustrate model dynamics. The baseline model simu- observed in the lab experiments.
lation used the standard diurnal introduction of gonadotropin
(Fig. 2) for the first 8 weeks of the simulation. 2.3.3. Effects of cadmium

Calibration focused on three model parameters: the syn- Cadmium appears to disrupt vitellogenesis in fish at mul-
thesis rate of testosteroneifMin Eq. (10)), the degradation tiple steps. Cadmium acts on both the pituitary and the go-
rate of free estrogen receptogékyin Eq. (7)) and the coef- nad to alter gonadotropin secretion and steroidogenic activ-
ficient for the production of estrogen receptor (1.1¥ig. 1 ity [5,17]. Female croaker acclimated for 30 days and then
andin Eq(7)). Values of all model parameters were originally exposed to cadmium in vivo (1 mg/L) for 40 days showed
derived from the literature. We adjust®@r, kgegs and the 295% higher GtH concentrations and 211% higher total estra-
coefficient of estrogen production in repeated model simula- diol concentrations as compared to control fish]. Ovarian
tions until predicted maximum values of total testosterone, fragments of spotted seatrout were incubated in various con-
total estradiol, and total estrogen receptor were similar in centrations of cadmium in vitrfs]. Incubation in cadmium
magnitude and occurred in approximately the same monthin vitro, at a range of cadmium exposures (range from 0.01 to
as observed in the field measurements. All other parameterss.0 ppm) that should encompass the exposure level imposed
were maintained at the values originally derived from the in the in vivo Thomaq17] study on croaker, resulted in a

literature. doubling of testosterone production after 9 h, and a doubling
of estradiol production after 18 h.
2.3.2. Effects of PCBs To simulate the endocrine disrupting effects of cadmium,

We simulated the effects of the PCB mixture (Aroclor we increased the plasma concentration of gonadotropin and
1254) exposure using the results of laboratory experimentsthe rate of testosterone synthesis (conversion of gonadotropin
performed on Atlantic croakg#,16,17]. Aroclor 1254 af-  to testosterone). The gonadotropin concentration was in-
fects fish hypothalamic—pituitary—gonadal-liver axis at mul- creased by multiplying the hourly baseline values (Fig. 2) by
tiple siteg[46]. However, in this analysis we only focused on 2.95, as observed in the in vivo experimghi]. The testos-
the PCB effect on gonadotropin releasing hormone function- terone synthesis rate was increased by multiplying(EQ)
ing and luteinizing hormone secretion; in Atlantic croaker, by 2.0 (Table 1), as observed in the in vitro ovarian fragment
Aroclor 1254 inhibits tryptophan hydroxylase activity. In incubation experimen]. We assumed that a doubling of
a laboratory experiment, adult croaker were acclimated for 1 the testosterone synthesis rate would roughly translate into a
month and then were exposed to Aroclor 1254 (2 ug/g body doubling of estradiol production that was also observed inthe
weight per day) for 15 days during early gonadal recrudes- in vivo [17] and in vitro ovarian fragmerb] experiments.
cencg4]. Plasma levels of LH measured after the 15 days of We compared model predictions under baseline and cadmium
exposure were 38% of the values of the control fish. exposure, and compared predicted cadmium effects on cumu-

Two earlier studies that examined the effects of PCBs on lative vitellogenin production to changes in GSI reported by
Atlantic croaker documented reduced GSI and testosterone,Thomag17].
and somewhat opposite effects on estradiol concentrations.

Female Atlantic croaker exposed to Aroclor 1254 (5ug/g

body weight per day) for 17 days during early gonadal re- 3. Results

crudescence had GSI values and total estradiol levels that

were roughly 50% lower than in control figi7]. In an- 3.1. Calibration and baseline conditions

other experiment, female Atlantic croaker were also exposed

to Aroclor 1254 (3.5ug/g body weight per day), but for a The calibrated baseline simulation predicted magnitudes
longer 30-day exposuféd6]. GSI levels were 34% and total and timing of peak concentrations of total estrogen recep-
testosterone concentrations that were 50% of control values tor, total testosterone, and total estradiol that roughly mim-
but plasma estradiol concentrations were 25% higher than inicked those measured in spotted seatrout by Smith and
control fish[16]. The contrasting PCB effects on total estra- Thomag[12]. Model-predicted cumulative vitellogenin pro-
diol levels can be explained, in part, by the different dura- duction under baseline conditions was 161.0 mg/mL (Fig. 4a;
tions (17 and 30 days) of the two experiments. Under PCB Table 3). Measured estrogen receptor concentration peaked
exposure, estradiol could initially be reduced due to reduced at about 2 pmol/g liver in September during the first year of
gonadotropin release, and then increase later in the seasomeasurements and had a higher and longer duration peak
due to PCBs affecting a different mechanism of the HPLG (5.25 pmol/g liver for May through September) during the
axis other than gonadotropin release. second year of measurements. In the baseline simulation,

To simulate the effects of PCBs, we multiplied the plasma predicted total estrogen receptor concentration, while in-
gonadotropin driving variable concentrations by 0.38. We creasing throughout the period of gonadotropin introduction
compared predicted model dynamics under PCB exposure toin the simulation, approached a maximum concentration of
baseline results. We compared predicted changes in testos5.2 pmol/g liver by the middle of the simulation that was
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similar magnitude to the field measured concentrations these were consistent with general observations. Petra et al.
(Fig. 4b). Measured total testosterone reached a maximum[36] reported thatin mammals only a small percentage (about
concentration of about 1200 pg/mL sometime between April 1%) of free steroids are available as aligand at any given time;
and June, and then declined slowly to about 300 pg/mL by much of available steroid is bound to SBP. Maximum pre-
October to November. Predicted total testosterone peaked indicted free testosterone concentration in the baseline simula-
the baseline simulation at 1290 pg/mL within the first month tion was 15.8 pg/mL (Fig. 4e), which was about 1.2% of the
of simulation (April), remained elevated during the period of total testosterone concentration. Similarly, predicted concen-
gonadotopin release and then declined rapidly to zero, con-trations of free estradiol reached a maximum of 14.2 pg/mL
trasting field measurements that measured minimum concen<{Fig. 4f), which was about 0.8% of the maximum total estra-
trations of 300 pg/mL (Fig. 4c). Finally, over the 2 years of diol concentration.
observations, total estradiol attained a maximum concentra-  The temporal dynamics of the free forms of testosterone
tion of about 1750 pg/mL sometime during May and July. and estradiol were consistent with the model structure and as-
Predicted total estradiol concentration in the baseline simu- sumed parameter values. Rapid fluctuations in free estradiol
lation peaked at 1800 pg/mL during April (Fig. 4d). (Fig. 4f) and testosterone (Fig. 4e) were due to hourly varia-
Although detailed measurements concerning concentra-tionin gonadotropin concentration over the diurnal cycle, val-
tions of the free forms of testosterone and estradiol are notues of parameter gk, kqt, kae andkgg) that resulted in rapid
available, model predictions of very low concentrations of association and dissociation of the free forms with steroid

@
2
= 200 | 2
E s ©
D £
§,150- & year 2
g _§ 4
[= %
2 100 A Q
g 8
o = 2 a1
= 50 c
> S
o
0 i Z M J
1 2 3 4 5 6 1 2 3 4 5
(A) (B)
=
E 2000 ~7 2000
2 E
~ ()]
2 1500 1 £ 1500 |
o S
g g
8 1000 H ﬁ 1000 -
‘g L
= ©
= 500 5 500
s [
= A MU J A s o© M J J A s o
0 A + 0 +
1 2 3 4 5 6 1 2 3 4 5 6
(C) (D)
£ 2 ~ 20 “
= =
g E
o 154 g 151
s 5
@ 10 8 10
3 i
'_
® 5 1 g 5
1 w
[
0 T ; Fumd 0 . . A
1 2 6 1 2 6
(E) Time (months) (F) Time (months)

Fig. 4. Baseline simulation predictions of: (A) cumulative vitellogenin production; (B) estrogen receptor concentration; (C) total estradiol; (D) total testosterone

concentration; (E) free testosterone concentration; and (F) free estradiol concentration. Boxes represent ranges of field-measured maximum concentrations.
The small box in (B) represents the range of peak concentrations of total estrogen receptor observed in first year of field measurements, and the large box
represents the range of peak concentrations of total estrogen receptor observed in the second year of field measurements. The hatched box in (C) represents tt

peak reported concentrations of total testosterone, and the hatched box in (D) represents the range in reported peak total estradiol concentrations.



404 C.A. Murphy et al. / Reproductive Toxicology 19 (2005) 395-409

binding proteins, the rapid degradation rates of free testos-line conditions of gradually rising concentrations during go-
terone and estradiol {k;y andkgegd, and the fast reaction  nadotropin introduction, with maximum concentrations un-
rates of testosterone and estradiol as substrates in subsequeder PCB exposure reaching 13% of baseline by the middle
reactions. The initial rapid rise of free estradiol concentra- of the simulation.

tions during the first month of the simulation (Fig. 4f) was Predicted changes in total testosterone and estradiol con-
due to the rapid synthesis of estradiol from the rapid increasecentrations were either consistent or equivocal when com-

in concentration of free testosterone. pared to the experimental results. PCBs were predicted to
cause a 26% decrease in maximum total testosterone concen-
3.2. Effects of PCBs trations (Fig. 5c¢), which is roughly comparable to the 50%

reduction in peak total testosterone concentrations reported

Predicted reduction in cumulative vitellogenin production by Thomag17]. Predicted response to PCBs reflected a 62%
due to PCB exposure was higher compared to the observedlecrease in total estradiol concentrations (Fig. 5d). This re-
reductions in GSI documented in the laboratory experiments duction in total estradiol is consistent with the interpretation
(Fig. 5a). Predicted cumulative vitellogenin production was of an initial reduction in estradiol in the shorter duration ex-
18% of baseline (Table 3), compared to the 34-50% reduc- perimen{17] butis inconsistent with the increase in estradiol
tions in GSI reported by Thom§$6,17]. observedinthe longer duration experimg]. The discrep-

Predicted estrogen receptor concentration was reducedancy between the two experimental results may be related to
under PCB exposure (Fig. 5b). Predicted total estrogen recep-differences in their durations or perhaps to other differences
tor showed similar dynamics under PCB exposure and base-n experimental design or protocol.
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Predicted responses in other state variables to PCB ex- The imposition of higher rates of gonadotropin intro-
posure were reduced free testosterone (Fig. 5e) and reduceduction and testosterone synthesis assumed under cadmium
free estradiol (Fig. 5f) concentrations. Free estradiol and free exposure resulted in increased total estrogen receptor con-
testosterone under PCB exposure both showed reductions ircentrations, total testosterone, and total estradiol concentra-
their peak concentrations compared to baseline conditions,tions. Total estrogen receptor concentrations behaved simi-
with free testosterone and free estradiol reaching peak con-larly under cadmium exposure and baseline conditions, but at-
centration that were 75 and 38% of the baseline peak con-tained maximum concentrations 6.2 times higher under cad-
centration, respectively. mium exposure than under baseline conditions (Fig. 6b). Pre-

dicted total testosterone concentrations under cadmium ex-
posure increased similar to baseline conditions, but attained
3.3. Effects of cadmium a slightly higher maximum concentration at 1.4 times base-
line (Fig. 6¢). Predicted total estradiol concentrations under

Cadmium exposure caused large increases in vitellogenincadmium exposure rose more rapidly and maintained maxi-
production in both the model simulation and in the labora- mum concentrations at 3.2 times that of baseline conditions
tory experiment. Predicted cumulative vitellogenin produc- (Fig. 6d).
tion was 603% higher than under baseline conditions (Table 2, Free testosterone and free estradiol concentrations also
Fig. 6a). Thomag17] reported that cadmium exposed fish reached higher peak concentrations under cadmium exposure
had GSls that were 931% higher than control values (GSI of than under baseline conditions. Free testosterone concentra-

1.16% in control versus 10.8% in cadmium exposed). tions under cadmium exposure peaked at a concentration 1.4
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times that of baseline conditions (Fig. 6e). Free estradiol lev- tiple EDCs. Our model can be used to explore the possi-
els were more sensitive to cadmium exposure and reached aility of synergistic and antagonistic effects. Fish in nature
maximum at 3.3 times that observed under baseline condi-are exposed to mixtures of chemicals at various concentra-
tions (Fig. 6f). tions. For example, kelp bass (Paralabrax clathratus) that
were collected from Southern California were environmen-
tally exposed to mixtures of DDT and PCB48]. Exposed

4. Discussion fish exhibited suppressed gonadotropin secretion from pi-
tuitary consistent with PCB effects. But the same fish also
4.1. Model performance and utility showed enhanced ovarian production of testosterone and re-

duced estrogen receptor affinity to estradiol, effects that could
We developed a model of vitellogenesis for an individual be attributed to other contaminants and may counteract the
fish, and used the model to predict the effects of two EDCs. effects of PCBs. Spies and Thomis8] reported that ex-
The model performed reasonably well. Baseline predictions posure to DDT and PCBs resulted in no noticeable reduc-
of maximum concentrations of total steroids and estrogen re-tion in vitellogenesis or GSp,g-DDE, a metabolite of DDT
ceptor roughly matched field measurements, and predictedwhich binds to the kelp bass androgen receft8t, exerts
changes in vitellogenin production and estradiol levels un- anti-androgenic effects in vertebraté®)]. p,pf-DDE com-
der PCB and cadmium exposure generally matched changegrised over 95% of the total DDT detected in the contami-
observed in laboratory measurements of GSI and estradiolnated kelp bass tissugk8]. Therefore, it would be necessary
concentrations. The prediction of reduced vitellogenin pro- to include androgen-receptor mediated endocrine disruption
duction under PCB exposure may have been higher than ob-in our model to simulate the multiple effects observed in the
served in laboratory experiments because the simulation askelp bass. The model would also require modification for
sumed PCB exposure during entire simulation, whereas insimulating the effects of the large number of chemicals that
laboratory experiments fish were exposed to PCBs for only a exert estrogenic actions via binding to the estrogen receptor
portion of the reproductive period Also, based on our experi- to alter vitellogenesis and other reproductive processes.
ence with measurements in field-caught seatrout, the baseline
simulation wrongly predicted a decline to zero concentration 4.2. Assumptions and deficiencies
of total testosterone and estradiol, rather than to some basal
low concentrations, and predicted a peak in total estradiol Despite our use in model development of many labora-
concentration that occurred a few weeks too early (Fig. 4c tory experiments performed over decades, there are several
and d). aspects of the model that deserve careful scrutiny and fur-
Our simulations of contaminant effects demonstrated the ther refinement. Perhaps one of the most useful outcomes of
need to recognize the importance of timing in biomarker mea- developing a model such as ours is the identification of data
surement. Steroid concentrations in plasma are commonlygaps and assumptions that need further confirmation.
used as biomarkers of expos{#&]. According to our model We borrowed techniques from the field of enzyme kinet-
simulations, measurements of steroid levels from contami- ics [34] to model the dynamics of the estrogen receptor and
nant exposed fish that were taken during the first 2 monthssteroid binding proteins. Enzyme kinetics was the starting
of gonadal recrudescence would show the greatest differ-point when researchers set out to generate models for epi-
ence from control fish and that estradiol is a more sensitive dermal growth factor (EGF) receptor binding and internal-
biomarker than testosterone. Previous research indicates thaization[51]. The initial steady state and kinetic models were
depressed steroid levels translate into reproductive impair-successful at capturing many of the dynamic features of the
ment (e.g. McMaster et d110]). Therefore, proper interpre- EGF binding processes. Once a model framework was built,
tation of estradiol concentrations from field-caught fish is models were expanded upon as technology improved and
predicated upon knowing the stage in the reproductive cycle more data became availabjgl]. We view our model of
of the individual fish. vitellogenesis as analogous to the initial kinetic models of
The simulation of cadmium effects demonstrated how the the EGF binding processes. We used simple first and second
model could be used to simulate EDCs that affect multi- order rate constants for receptor association and dissociation
ple sites on the hypothalamus—pituitary—gonad—liver (HPGL) processes, and we borrowed from an autocatalytic enzyme
axis. Cadmium affects the HPGL axis at the pituitary by kinetics model examplgt2] to model the estrogen receptor
stimulating the release of LH, and cadmium also acts on producing more of itself.
the ovary to enhance steroidogenefis We simultane- One major uncertainty in our model is the identity of the
ously imposed both of these effects in our cadmium ex- principal gonadotropin regulating vitellogenesis in the sci-
posure simulation. We doubled the concentration of go- aenid fish model. The effects of changes in LH secretion
nadotropin in the plasma and doubled the rate of synthesis ofwere modeled in this preliminary version of the model. This
testosterone. assumption may be correct for sciaenid fishes as well as
A logical extension of how we simulated multiple effects some other marine perciform fishes such as European sea
of cadmium would be the simulation of exposure to mul- bass and red seabredb2]. However, our use of LH would
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clearly be inappropriate for salmonids, and probably some in reality PCBs affect many components of the HPGL axis

other species in which FSH appears to regulate vitellogene-[46].

sis[23]. Currently, the physiology of FSH secretion during The vitellogenesis model was calibrated to simulate base-
ovarian growth has only been investigated in salmonid fishesline conditions from field-caught spotted seatrout, but data
due to the lack of immmunoassays for FSH measurementfrom toxicology studies on Atlantic croaker were also used.

in members of other teleost families. Thus, in the absence Although both species are estuarine species from the family
of information on the pattern of FSH secretion during vitel- Sciaenidae, they exhibit different life history strategies. Spot-

logenesis in additional fish species, the role of FSH in the ted seatrout will spawn multiple times in a season, whereas
regulation of ovarian growth in teleosts remains unclear. Atlantic croaker will only spawn oncg3]. Because we

Experiments that determine the rates of synthesis of testos-are only modeling vitellogenesis and not the production and
terone and estradiol in vitellogenic follicles in vivo would spawning of eggs, we felt it was reasonable to synthesize
be useful for model refinement. In our model, rates of syn- information from both spotted seatrout and Atlantic croaker
thesis of testosterone and estradiol were calibrated to gen{for model development. Also, when we simulated the toxicol-
erate desired maximum concentrations of these steroids inogy experiments we focused on percent changes in hormones
the baseline simulation. However, rates of steroidogenesisrather than on changes in actual concentrations. Regardless,
may change with time and a gradual decline in rates of we recognize that hormonal profiles may differ between spot-
steroid synthesis or induction of other mechanisms, such asted seatrout and croaker, and these differences act as a source
steroidogenic enzymes, may generate the slow decline in to-of error in the model.
taltestosterone and estradiol concentrations observed in field-
caught fish. Further exploration into the mechanisms regulat- 4.3. Future directions
ing steroidogenesis is required for more realistic simulations.

Another area in model development that required ques- In addition to model refinement as data gaps are filled, we
tionable assumptions was the steroid feedback mechanismsvould also like to extend the model to include simulations of
that affected gonadotropin production and release. We knowother mechanisms of endocrine disruption, especially those
that high doses of estradiol, administered through implants, involving binding to nuclear estrogen or androgen receptors
inhibit the production of gonadotropin, but dose-response and alterations of steroid actions. Many major environmental
studies designed to quantify feedback mechanisms are notontaminants bind to the estrogen receptor and are estrogenic
available. Steroid feedback mechanisms in Atlantic croaker (xenoestrogens), and there is extensive evidence of inappro-
have been studied, but not sufficiently to allow inclusion into priate induction vitellogenesis in fish by xenoestrogens in
our model. Information obtained through gonadectomy and both field and laboratory studies. Endocrine disrupting chem-
steroid implants showed that during early gonad recrudes-icals can also interfere with later phase of the ovarian cycle
cence, testosterone and estradiol stimulate LH production.such as oocyte maturation and spawning. For example, Ke-
However, when gonads reach maturation, the steroids in-pone anc,p-DDD bind to the maturation inducing steroid
hibit the production of LH32]. Information on the positive  (4-pregnen-17,203,21-triol-3-one) receptor sites and inhibit
feedback exhibited early in gonadal recrudescence was in-final oocyte maturatioifp4]. Also, as information becomes
sufficient, and we therefore only incorporated the negative available, some of the aggregated biochemical reactions, like
feedback mechanism into our model. We simply assumedthe Hill functions and the rate of production of vitellogenin
that high concentrations of estradiol would act to reduce go- and estrogen receptor, can be broken down into their com-
nadotropin levels. ponent reactions. The Hill function has been used previously

Measurement of the degradation rate for estrogen recep-as a surrogate to model detailed biochemical reactions by
tors when estradiol is present would also be helpful. Hep- Schlosser and Selgrafi&3], and it is a reasonable approach
atic estrogen receptor, in the presence of estradiol, undergoedecause the sigmoid relationship observed between ligand
degradation at a different rate than when estradiol is absentconcentration and product has been observed in many bio-
[41]. Therefore, we modified the estrogen receptor degra- chemical systems. Although the relationship between product
dation rates so that the estrogen receptor concentration apand substrate is generally linear, it is convoluted by binding
proached a maximum concentration near the middle of the dynamics, degradation, and ligand depletion, thereby indi-
baseline simulation. Experiments that determine the degra-rectly giving rise to the observed sigmoid sh§pg]. Break-
dation rates for estrogen receptor in the absence of estradioing the Hill function into components would likely increase
in seatrout would allow more precise parameter values to bethe realism of the model, and allow us to easily simulate ad-
used in model simulations. ditional endocrine disrupting effects, such as the aromatase

The apparent disconnect between model predictions ofimpairment associated with hypoxia expos{68] and ef-
estradiol concentrations and the results of laboratory ex- fects on steroid binding proteifS6].
periment that used a longer PCB exposure period could We presented deterministic predictions in this paper. In
be attributed to PCB affecting mechanisms other than go- future versions of our model, we plan to use Monte Carlo
nadotropin release. We greatly simplified the effects of PCBs methods to include stochasticity (natural variability) and un-
by assuming PCBs only affect gonadotropin release, whereasertainty in model predictions. Monte Carlo methods involve
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